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Hsp90a b s t r a c t
Molecular chaperones are required for successful folding and assembly of sarcomeric myosin in
skeletal and cardiac muscle. Here, we show that the chaperone UNC-45B inhibits the actin translo-
cation function of myosin. Further, we show that Hsp90, another chaperone involved in sarcomere
development, allows the myosin to resume actin translocation. These previously unknown activities
may play a key role in sarcomere development, preventing untimely myosin powerstrokes from
disrupting the precise alignment of the sarcomere until it has formed completely.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The arrangement of not just the thick and thin ﬁlaments, but
numerous other proteins into the exacting arrangement of the
semi-crystalline lattice that makes up the sarcomere is essential
for the contractile function of muscle. This process is partially
autonomous, an intrinsic property of its component proteins. An
example of this is the condensation of thick ﬁlaments from myosin
molecules. However, the assembly of a functional sarcomere
requires the molecular chaperones [1]. These serve to prevent
aggregation of folding intermediates and also, according to recent
evidence, to help assemble the sarcomere [2].
The molecular mechanism for how the chaperones assist in this
assembly process is presently unknown. Developing an under-
standing of this mechanism is a problem at the core of muscle
development [3,4]. This understanding may provide critical
insights into the molecular nature of the pathogenesis of manymuscle disorders stemming from mutations in sarcomeric pro-
teins, including hypertrophic cardiomyopathy.
Among the chaperone proteins, known to be involved in the
folding of myosin and the organization of the thick ﬁlaments, is
UNC-45B [2,5]. This protein is found throughout the animal king-
dom and in the fungi, though absent in plants. The protein UNC-
45 was initially identiﬁed through loss of function mutations in
Caenorhabditis elegans [6–8]. There, temperature sensitive mutants
demonstrated decreased locomotion, disorganized sarcomeres
and reduction of thick ﬁlament numbers. Later, UNC-45 was shown
to be essential for proper formation of the sarcomere in Danio,
Drosophila and Mus [9–12].
In the metazoans, UNC-45 is made up of three domains [8]. The
canonical UCS domain, named for the UNC-45/Cro1/She4p family
of proteins to which it belongs, is responsible for the chaperone
functionality and the interaction with myosin [8,13–15]. The role
of the central domain remains cryptic, while the TPR domain is
known to allow interactions with other molecular chaperones
including Hsp90 via the TPR binding region of the C-terminus of
that protein [15]. Interestingly, disabling mutations in the
Hsp90 genes of Danio and in C. elegans have been shown to pheno-
copy disabling mutations in UNC-45 [16,17]. These results are
consistent with the known physical interactions, and show that a
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chaperone machinery in vivo during sarcomerogenesis.
Recent structural studies have suggested that UNC-45 from C.
elegans forms a linear multimer, with the interface being generated
between the central domain and the neck domains of neighboring
molecules. The length of the repeating unit in this multimer is
highly similar to the repeating unit in the staggered arrangement
of myosin heads in a thick ﬁlament. This suggests that UNC-45
may play a role in stabilizing the positions of the myosin heads
during formation of the thick ﬁlament and sarcomere. Further, it
may serve to co-ordinate the activity of Hsp90 on the myosin
heads [18].
Here, we present data that suggests that the binding of
UNC-45B to myosin heads inhibits the ability of myosin to perform
its fundamental function, that of translocating actin. However, we
also show that the ATPase of myosin is not affected by this
inhibition. Further, the addition of the protein Hsp90 appears to
allow alleviation of this inhibition.
2. Materials and methods
2.1. Protein expression and puriﬁcation
A cDNA encoding UNC-45B from Mus musculus was sub cloned
into a pProEx vector (Life Technologies, Carlsbad, CA) with an N-
terminus 6xHis Tag and was overexpressed in BL21-CodonPlus-
RIL cells (Agilent Technologies, Carlsbad, CA) induced with 1 mM
IPTG for 18 h at 14 C. Lysis was performed by sonication in PBS
adjusted to 500 mM NaCl, 20 mM imidazole and 1 mM TCEP and
afﬁnity puriﬁed over a HisTrap column (GE Healthcare), eluting
with a gradient from 20 mM-500 mM imidazole over 20 column
volumes. The UCS and central domains (TPR()) of UNC-45B from
M. musculus and Hsp90 from Homo sapiens were subcloned in
pET28a (EMD Millipore, Billerica, MA) and overexpressed in
BL21(DE3) cells (Life Technologies, Carlsbad, CA) and induced with
1 mM IPTG. These were then puriﬁed using the same method as
UNC-45B. Hsp90 was further puriﬁed using a Superdex 200
5/150 column in PBS supplemented with 10% glycerol and 1 mM
DTT (GE Healthcare).
2.2. Actin puriﬁcation and labeling
Actin was puriﬁed from rabbit skeletal muscle [19] and was
polymerized into ﬁlaments by the addition of 50 mM KCl and
2 mM MgCl2. These ﬁlaments were labeled using AlexaFluor 594
phalloidin (Life Technologies, Carlsbad, CA). For some experiments,
actin was puriﬁed from the pectoralis muscle of Gallus gallus. All
stated concentrations of actin ﬁlaments refer to the concentration
of the G-actin monomer from which they were polymerized.
2.3. Myosin puriﬁcation and subfragment-1 preparation
Myosin was extracted from rabbit skeletal muscle, harvesting
the psoas major, erector spinae and quadriceps and puriﬁed using
the technique of Margossian and Lowey [20]. Subfragment-1 was
then produced by chymotryptic digest of synthetic myosin ﬁla-
ments [21]. The S1 bearing supernatant was dialyzed against
50 mM imidazole pH 7.0, 0.3 mM EGTA, 1 mM DTT and cleared
by centrifugation. This supernatant was then adjusted to 150 mM
NaCl and puriﬁed over either a Superdex 5/150 or Sephacryl 200
26/60 column.
2.4. Actin ﬁlament gliding
Actin gliding was performed with full length myosin (0.2 mg/
mL) on nitrocellulose coated glass coverslips [22]. Full lengthmyosin was applied to the coverslip in 10 mM Tris pH 7.4,
600 mMKCl, 1 mMDTT for 2 min and then the excess was removed
by washing with the same buffer. The coverslip was then blocked
with BSA in G-actin buffer (2 mM Tris pH 8.5, 0.2 mM ATP,
0.5 mM DTT, 0.2 mM CaCl2, 3 mM NaN3) and rinsed with wash buf-
fer (20 mMMOPS, pH 7.4, 80 mM KCl, 5 mMMgCl2, 0.1 mM EGTA).
Dead heads were blocked by the addition of 5 lM dark actin,
sheared through a 26 g needle in the presence of 1 mM ATP for
2 min. 20 nMactin ﬁlaments labeledwith AlexaFluor 594 Phalloidin
in wash buffer were then added and the assay was conducted under
wash buffer supplemented with 0.7% methylcellulose, 1 mM ATP,
0.1 mg/mL glucose oxidase, 0.02 mg/mL catalase, 2.5 mg/mL glu-
cose and 50 mM DTT. The assay buffer was further supplemented
with the UNC-45B and Hsp90 proteins. We observed the actin glid-
ing using a Nikon Eclipse TE2000 microscope with a Nikon 40X 1.3
NAobjective and a CoolSnapHQcamera.We usedDifference Tracker
software (BabrahamBioinformatics, Cambridge, UK) in ImageJ (NIH,
Bethesda, MD) to determine the average velocity of the ﬁlaments
tracking in excess of 600 ﬁlaments per experiment. All experiments
were performed at room temperature (approx. 20 C).
2.5. Actin sedimentation
20 lM freshly polymerized actin ﬁlaments were mixed with
2.6 lM UNC-45B in 60 mM KCl, 20 mM MOPS, 0.3 mM EGTA,
1 mM DTT for 30 min at room temperature. This mixture was then
sedimented by centrifugation at 100000g for 30 min. The precen-
trifugation mixture, pellet and supernatant were analyzed by
SDS–PAGE and stained with Coomassie Blue.
2.6. Actin-activated ATPase rate
0.01 lMmyosin S1, 5 mM fresh ATP and 30 lM G. gallus actin ﬁl-
amentsweremixedwith a 6 lMconcentration of UNC-45B and BSA
as a control in 10 mM MOPS, 50 mM KCl, 5 mM MgCl2, 0.3 mM
EGTA, 1 mM DTT. Each condition was assayed using the malachite
green method with 25 lL aliquots of the reaction mix at each time
point, promptly quenched with 2 N HCl [23]. These reactions were
carried out at 25 C. The rate of stirring signiﬁcantly affects the
measured ATPase rate and had to be reduced in both controls and
UNC-45B samples as the vigorous agitation usually used generated
small bubbles in UNC-45B causing rapid aggregation.3. Results
3.1. The molecular chaperone UNC-45B is an inhibitor of actin
translocation
Yeast experiments have shown that UCS proteins are essential
co-factors for the ability of myosin to translocate actin ﬁlaments
[24]. We utilized an actin gliding experiment to test whether mus-
cle speciﬁc UNC-45B plays such a role with sarcomeric myosin. We
applied UNC-45B in the assay buffer of an actin gliding experiment
with full length myosin ﬁxed to nitrocellulose coated coverslips.
Surprisingly, we found that the addition of UNC-45B (Fig. 1a and
b) inhibited the translocation of actin. Titrating UNC-45B levels
(Fig. 1c), we estimated the apparent Kd of this effect at 2.2 lM.
This value for the Kd is in good agreement with recent ﬂuorescence
data from our laboratory [14,25].
To ensure that this inhibitory effect was due to the interaction
with myosin and not simply binding to the actin ﬁlaments we used
actin sedimentation. We used 2.6 lM UNC-45B, a concentration
where there was signiﬁcant inhibition (greater than 50% of the rate
of actin translocation), yet we saw no appreciable binding of
UNC-45B to actin (Fig. 1d). Therefore, we consider it unlikely that
Fig. 1. UNC-45B inhibits myosin motor activity in an in vitro gliding assay. (a + b) Actin gliding assays with ATP-bearing assay buffer supplemented with 15 lM BSA or
11.4 lM UNC-45B. Each point represents the position of the trailing edge of an actin ﬁlament at 1 s intervals. Movements of representative ﬁlaments are tracked. (c) Velocity
of actin gliding over soluble full length myosin with varying quantities of UNC-45B and BSA. (d) Actin sedimentation with a mixture of 2.6 lM UNC-45B and 20 lM actin
ﬁlaments centrifuged at 100000g for 30 min. Error bars represent the standard deviation of 3 or more experiments.
Fig. 2. UNC-45B uncouples the myosin ATPase from actin translocation. ATPase
assays showing the kinetics of phosphate release by myosin S1 (0.01 lM) and the
corresponding gliding velocity for controls (6 lM BSA) and 6 lM UNC-45B. Error
bars represent the standard deviation from a minimum of 3 experiments. The
differences between ATPase rates were not statistically signiﬁcant (P = 0.95) but
differences in the translocation rate were.
P. Nicholls et al. / FEBS Letters 588 (2014) 3977–3981 3979direct actin binding generated the inhibitory effect. Interestingly,
this inhibitory effect is in stark contrast to the yeast results [24],
and we hypothesize that the difference may be related to the fact
that sarcomeric myosins require precise assembly into semi-
crystalline arrays.
3.2. Inhibition of motor function occurs due to uncoupling of the
ATPase activity from translocation
Most myosin motor function inhibitors act by poisoning the
actin-activated ATPase. To test this in our system, we measured
the rate of the actin-activated ATPase of myosin subfragment 1
(S1) with reasonably high concentrations of actin (30 lM) and
ATP (5 mM). Intriguingly, unlike the results for actin translocation,
we found that there was no statistically signiﬁcant difference
between the ATPase rates of reactions with (11.8 /sec) and without
(13.5 /sec) an inhibitory concentration of UNC-45B (6 lM) (Fig. 2).
Both of these rates are reduced from the established Vmax (16–20 /
sec at 25 C) for this assay as when vigorously mixed, slight forma-
tion of bubbles causes rapid aggregation of UNC-45B. Despite this
technical limitation, these data suggest that the inhibitory prop-
erty of UNC-45B occurs through a mechanism allowing the chem-
ical hydrolysis of ATP while suppressing the power stroke.
Fig. 3. Hsp90 alleviates the interaction between UNC-45B and myosin in a TPR
domain dependent manner. Actin gliding using soluble full length myosin with
2 lM UNC-45B and UNC-45B TPR() with attempted rescue by 4 lM Hsp90 and
Hsp90 only control. Error bars represent standard deviation from 3 or more
experiments.
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We speculate that the translocation-inhibited conformational
state of myosin plays a role in thick ﬁlament assembly and thus
we sought to reveal a possible mechanism to release the UNC-
45B inhibited myosin. Hsp90 has been established to participate
in muscle development, but its exact molecular role has remained
elusive. Hsp90 interacts with UNC-45B via the TPR domain [15],
and the addition of UCS alone results in malformation of the sar-
comere [13]. On its own, Hsp90 gives a non-speciﬁc reduction of
the gliding velocity of full length myosin, likely due to volume
exclusion effects in a similar manner to the effects of polyethylene
glycol on the rate of actin gliding (Fig. 3) [26]. This velocity
reduction may also be due to a tendency of Hsp90 to crosslinkFig. 4. Model for the action of UNC-45B in sarcomere assembly. (a) UNC-45B allows the p
The repeating unit stabilizes the register of the thick ﬁlament while inhibiting myosin pow
folded and mature sarcomere, and powerstrokes are free to occur appropriately. (c) The
targeted for proteasomal degradation.actin ﬁlaments, also increasing viscosity [27]. These velocity
reductions bear no relation to the afﬁnity of the protein for myosin
and an asymptote is reached in a similar fashion to BSA (data not
shown).
We tested the ability of Hsp90 to reverse the effects of UNC-45B
on actin gliding. We added 2 lM of UNC-45B and then we
attempted rescue with a stoichiometric quantity (2:1) of Hsp90.
UNC-45B greatly reduced the velocity of actin gliding as in all pre-
vious assays, but the inclusion of 4 lM Hsp90 rescued the motility
by greater than 50% (Fig. 3). Assuming a symmetric distribution of
velocities, we tested this rescue effect for statistical signiﬁcance
using Welch’s adaptation of Student’s t-test with the Welch-Satt-
erthwaite formula to calculate the number of degrees of freedom.
The rescue was statistically signiﬁcant at a P-value of 0.98.
3.4. Alleviation of the UNC-45B inhibitory effect by Hsp90 depends on
the TPR domain
As Hsp90 binds the TPR domain we sought to test whether or
not it was this region responsible for the inhibition. We used a
truncated UNC-45B consisting of only the central and UCS domains
(TPR()) with full length myosin. Our experiments (Fig. 3) showed
that this TPR() functions in a similar fashion to the full length
UNC-45B, showing that the inhibitory property is found in either
the UCS or central domains.
As Hsp90 alone gives only a non-speciﬁc effect we tested the
ability of Hsp90 (4 lM) to reverse the inhibitory effects of both
UNC-45B and a TPR() construct. While, as previously stated,
Hsp90 was able to signiﬁcantly increase the velocity of full length
myosin inhibited by UNC-45B (Fig. 3), it was unable to do so with
the TPR() construct. In fact there was a noticeable, though
statistically insigniﬁcant decrease in the gliding velocity with
TPR() and Hsp90. This was likely due to the cumulative effects
of speciﬁc inhibition and non-speciﬁc volume exclusion.roﬁcient hydrolysis of ATP while locking myosin into an actin bound conformation.
erstrokes. (b) The addition of Hsp90 results in the release of UNC-45B from the fully
absence of UNC-45B results in the disorganization of the sarcomere, which is then
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45 and Hsp90 compete for the same binding site on myosin [13].
The requirement for the presence of the TPR domain to see the
effects of Hsp90 do not support this hypothesis. Instead they favor
a steric blocking effect where Hsp90 binds to the TPR domain hin-
dering the myosin binding sites on the UNC-45B protein. An alter-
native hypothesis would be that Hsp90 induces a conformational
change in UNC-45B after binding the TPR domain and then pre-
vents UNC-45B from interacting with myosin.4. Discussion and conclusions
We observed that UNC-45B had an inhibitory effect on the abil-
ity of myosin to translocate actin. The ability of UNC-45Bs estab-
lished co-chaperone, Hsp90, to reverse the inhibition suggests
that there is likely to be a physiological role for this novel activity.
A plausible mechanism for such an unusual uncoupling behavior
was elucidated in Dictyosteliummutants by the Spudich laboratory
[28]. We hypothesize that the UNC-45B molecule may create a
similar arrangement where a steric clash allows myosin to hydro-
lyze ATP at the normal rate, but with a greatly reduced ability to
translocate actin ﬁlaments.
Based upon the recent studies that demonstrated a potential
scaffold nature of an UNC-45 multimer by Hoppe and Clausen
[18], we suggest a reﬁnement to their model. They hypothesized
that assembly of the UNC-45B multimer serves to aid in the
positioning of the myosin heads within the complex and precise
arrangement of the sarcomere. However, weremyoﬁbrils in various
stages of assembly applying force to the sarcomere, the precise
arrangement may be compromised. Instead in our model, in the
presence of UNC-45B, the myosin power strokes are inhibited. This
allows arrangement of the sarcomere to take place without
mechanical force displacing key components. The activity of
Hsp90 then provides a reasonable, physiological mechanism for
the removal of this inhibition to allow functioning of the complete
sarcomere. Hsp90 can bind the UNC-45B via the TPR domain and
affect its release, while perhaps completing the ﬁnal folding of
myosin (Fig. 4).
The other noted evidence for the activity of UNC-45B was
observed in the application of thermal or chemical stress to zebra-
ﬁsh [29]. In those experiments, UNC-45B migrated from the Z-line
to the A-band in response to stress. Our model of the inhibitory
effects of UNC-45B is plausible in this setting as well. According
to our model, in a thermally damaged sarcomere some myosin
heads would be malfunctioning. It would seem that a thick ﬁla-
ment with only some heads functioning, some locked in a rigor
state, and some unable to bind actin at all is not conducive to
maintaining the proper arrangement of the sarcomere. We propose
that the shuttling of UNC-45B from the Z-line to the A-band allows
all of a potentially damaged thick ﬁlament to be inhibited. In these
conditions the aberrant behavior of the thick ﬁlament can then be
corrected by refolding due to the chaperone network coordinated
by their TPR domains. Hsp90 once again allows the release of
UNC-45B and the repaired thick ﬁlament may resume the orga-
nized generation of force.Acknowledgments
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